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(57) An organic device has a hole current-electron 
current conversion layer which comprises a laminate of 
an electron transportation section and a hole transpor- 
tation section. The electron transportation section in- 
cludes a charge transfer complex formed upon an oxi- 
dation-reduction reaction between a reduced low work 
function metal and an electron-accepting organic com- 
pound, the reduced metal being produced upon an in- 
situ thermal reduction reaction caused upon contact, 
through lamination or mixing by codeposition, of an or- 
ganic metal complex compound or an inorganic com- 
pound containing at least one metal ion selected from 
ions of low work function metals having a work function 
of not more than 4.0 eV, and a thermally reducible metal 
capable of reducing a metal ion contained in the organic 



metal complex compound or the inorganic compound in 
vacuum to the corresponding metal state, and the elec- 
tron transportation section having the electron-accept- 
ing organic compound in the state of radical anions. The 
hole transportation section includes an organic com- 
pound having an ionization potential of less than 5.7 eV 
and an electron-donating property and an inorganic or 
organic substance capable of forming a charge transfer 
complex upon its oxidation-reduction reaction with the 
organic compound, the organic compound and the inor- 
ganic or organic substance being contacted through 
lamination or mixing, and the electron-donating organic 
compound is in the state of radical cations. 
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Description 

BACKGROUND OF THE INVENTION 
Field of the Invention 



for the production of such an organic device. 0thers ' and a process 



Description of the Related Art 



[0003] Tang et al. have been successful in achieving organic EL devices which hauo h;<ih i • 

ciency sufficient for practical application such as a luminance Z I OOtaS Id L pT 9 , a " d high ^ 

at an applied voltage of not more than 1 0V if a lam toa^SZ? 1 , /m and an ex,emal W ar *"™ efficiency of 1 % 

POrtngpropertes^ 

to the devices, along with a balanced injection of holes and eteZnTfrn^n ^ h P ? 9 u com P° unds ' are a PP«*° 

Laid-open No. 11-329748- US Patent No 6 \vr A*? ~„7, PP , Ja P anes e Patetn Application 

and 2003-264085) 6,337.492, and Japanese Patetn Application Laid-open Nos. 2003-45676 

SSsSSESSSSSS 8 * 

of Flat Panel Display, D-4(2003 Tnd oitfon £L hS f^, TJ'" 9 ' Pr ° duCtion Tec hnology Exhibition 
emitter by IMES Co! Ltd atTcD/PDP^^ EEXpr6SS (Nw 15 ' 2002 >' of whi,a 

device is referred to as a "MPE" device 2 °° 2) - Hereinafta r. «» organ.c MPE (multiphoton emission) EL 

cept-ng) agent such as V 2 0 5 . Mo0 3 , and W0 3 . F 4 -TCNQ represented b y^7Z* 9 Tr^ * ( 
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or PNB represented by the following formula: 



B 




, for example, those disclosed in Japanese Patent Application Laid-open Nos. 11-251067 (US Patent No. 6,423,429), 
2001-244079 (US Patent No. 6,589,673), 2003-272860 and 2003-358402, and the specification of Patent Application 
No. 2004-202266. Reference literature: K.L.T. Dao and J. Kido, J. Photopolym. sci. Technol., 1 5, 261 (2002) (Reference 
literature: IDW '04 Advance Program, p.60, OLED2-4, Novel Mg:Alq 3 /W0 3 Connecting Layer for Tandem White Organic 
Light Emitting Diodes (WOLEDs), C.-C. Chang, S.-W. Hwang, H. -H. Chen, C.H. Chen, J.-F. Chen (2004)). 
[0008] It has been proved that if the portion, i.e., light-emissive units, which used to be sandwiched by the cathode 
and anode in the conventional organic EL devices, are stacked via the above-described charge generation layer, light 
emission intensity per current density (i.e., quantum efficiency or current efficiency, denoted as (cd/A)) are multiplied 
by approximately (n + 1) times (n: the number of charge generation layers), because electrons and holes can move 
from the charge generation layer to the direction of anode and cathode respectively upon voltage application and 
recombine with each other in the multiple emissive units, and thus photons can be generated in the multiple light- 
emissive units. 

[0009] In this case, since the driving voltage is also increased to approximately (n + 1) times, it was expected in 
theory that the power conversion efficiency cannot be substantially improved or changed. 

[0010] However, it is appreciated upon more precise and detailed study that when organic MPE EL devices are 
produced under optimized conditions, it becomes possible to achieve corresponding improvement effects even in the 
power conversion efficiency. Here, it is well-known that the mobility (denoted as (cm 2 • V -1 • S~ 1 )) of the organic sem- 
iconductor is much lower than that of the inorganic semiconductor in a different order, and thus it is necessary to apply 
an "additional voltage" to the EL devices to obtain the desired current level. The term "additional voltage" used herein 
means an additionally required voltage to obtain a current density necessary to discharge the desired and much 
amounts of photons per the unit time, in addition to the device voltage of 2V, for example, which is at least necessary 
to discharge photons of 2 eV, and in this case, it is represented by the formula: (additional voltage) = (driving voltage 
- 2V). Accordingly, as for an organic EL device in which the luminance is proportional only to the current density, the 
power conversion efficiency in the high luminance region is made lower than that of the low luminance region, as is 
appreciated from the graph of Figure 24. 
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S ^^^^z^Zli w h devices under « he same l ~ - «« 

layers, and thus the potential (voltage) consumed oer each th " ." 3 nUmber ° f the cnar 9 e generation 
consumed in conventional EL devices 'SSSS, ^Z^tTT" T " ,0Wer ,ha " ,he P ° ,ential ( volta 9 e ) 
• ■-eredJ.e.,thepowerconversionefncien^J^ 
tests in which the light emissive units of JcTveS^^ 

of the charge generation layers to make the EL dS£ avfn 2 u t (H 5^^^ ^ numb " 
power conversion efficiency (InVW) of each device was detZitn t f ^ ?- ! l ° r 10 U "' tS (n=9 >' and the 
the power conversion efficiency is varied with ^the c^anoe £ZE m " 6 ' UminanCe t0 aSCertain now 

'0 simulated results on the assumption that t^ cuaent effi?L TZ?^ 0,6 thS Qraph 0f Fi 9 ure 24 »»« « * the 
a number of the charge general a^^To S^S^T eXaC ^" CTeased * ^ > «"es wherein n is 
application of the same current density (no. he same l uminS th 9 ,« !f ^ ' nCreaSed t0 (n+1) times unde r the 
conventional organic EL devices and he2 a ^ 

[0012] The MPE devices showing good f^S^^^^JT^^^^^^f^^- 
« For example, when the voltage required forCl backed MPF T ? T "J*™ 24 030,101 06 reali2ed wiln ease, 
times the vo,tage required foMheUJ^ 

voltage (AV)« is required every time when the charge oZerlt^Z 1 !' . ! * ^ ,hat undesira t>'e. "excess 
is appreciated that the power conversion em^Z^MPB^Z '*< ' ? the *** emissive « 

of the light emissive units Y E deV,C6S ,S ,0Wered with incre ase in the stacking number 

Hira^^ 

precisely described, the gelation Xton of SS in S£S7"^ ' ayer S6Cti ° n - Need ' eSS ,0 Sa * but if 
from the HOMO (Highest Occupied MolecSr OrwS of Z I? * ^ the Withdrawal of electrons 

cu.es), i.e.. formation of radica, Lio Z l^i^S^^Z^^ ™le- 
electrons in the organic EL devices means the Election oZT 9 1 W " ereaS ,hS 9enera,io " Section) of 
Orbital, of the electron-accepting m o3es (1S^ 

the electron-transporting molecules, upon apSon of volgT >' ^ ° f "*■' anion state ° f 

generation layer and in injection of the et^on ("thZn lZ m^Z^Z% MC ^ ° f the ^ 
= inanotherligh , emissj _ 

HoMO^^^^ 

Specifically, it has been discovered that the Ze currenUnl^ HOMm ? ° arner to ^stantially zero, 

in the LUMO ievel without any energy barrier i a theTa. redact 7 t0 the electron cu ™t 

molecules of the electron-accepting organ* compo U rZ^o^ c ^ rea f ^erated ^^^9 radical anion 
-^sdescribedinde^injUr^e^ 

La.d-open No. 2000-182774 (US Patent No 6 396 209 I Ef S ] * , 62 andJa P ane sePatetn Application 
EP0936844B1, EP1011155B1 as well as J Enrin T m '» ' » ^ A PP |,cation Publication 20030072967 
L800-L803). and a .ayer S£ ng * ca. S on LtcuToMhe ef J ' Af>PL PhyS - V ° L 41 < 2002 > PP 

through the oxidizing mo .ecu.es. which is font^C ^^SSS^JTfr^ P ' DdUced 
Appl.cat.on Laid-open Nos. 11-251067 (US Patent No 6 423 429) SS^ST ! JaPa " eSe Pa,etn 
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electron acceptors (oxidizing agents), between the electron-accepting organic compound and the oxidizing agents, 
and also between the electron-donating molecules (hole-transporting molecules) and the electron donors (reducing 
agents), to thereby make difficult the transfer of the electrons. 

[0019] In fact, the inventor has discovered through study and examination of MPE devices that if the above-mentioned 
5 technique (i.e., direct doping) is employed for the generation of radical anion state, the "excess voltage (AV) tt cannot 
approach to zero, (i.e., the driving voltage exceeds (n+1) times the voltage of the corresponding conventional device 
(i.e., n=0) at a current density, wherein (n+1) is the number of the light emissive units contained in the MPE device.) 
[0020] This increasing tendency of the driving voltage is particularly noticeable in a region of the high current density 
or high luminance, i.e., the excess voltage (AV) has a current density dependency. Examples of MPE devices having 
10 such undesirable states are disclosed in Japanese Patetn Application Laid-open Nos. 2003-45676 and 2003-272860, 
proposed by the inventors of this application. 



SUMMARY OF THE INVENTION 



15 [0021] The present invention solves the above-described problems of the organic devices of prior art by using the 
hole current-electron current conversion layer (hole-electron conversion layer, including two layers sequentially 
stacked, i.e., one layer acting as an electron transportation section and the other layer acting as a hole transportation 
section) and its specific advantages, in a variety of organic devices, for example, by not only applying to a charge 
generation layer in the organic MPE EL devices, but also applying to a connection layer in tandem-connected organic 

20 solar cells (for the purpose of connecting in series two or more conventional single solar cell structure), and also 
applying to a buffer layer during the formation of electrodes of various organic devices, in common. 
[0022] It is satisfactory if the organic device according to the present invention includes a hole current-electron current 
conversion layer (hole-electron conversion layer) which is a laminated or stacked product of: 

25 (1) an electron transportation section (thermal reduction reaction-generated layer) in which, to produce radical 

anion state of an electron-accepting organic compound, a compound which may be either an organic substance 
or an inorganic substance and contains at least one metal ion selected from ions of low work function metals having 
a work function of not more than 4.0 eV (typical examples of which include alkaline metal ions, alkaline earth metal 
ions, rare earth metal ions and some transition metal ions) and a thermally reducible metal such as aluminum 

30 capable of reducing said metal ion in the above compound in vacuum, for example, in an atmosphere of a vacuum 

deposition chamber, to the corresponding metal state are contacted and reacted through lamination (by vacuum 
deposition) or mixed by co-deposition to produce a reduction product (i.e., the low work function metal) through 
the thermal reduction reaction, followed by forming a charge transfer complex upon an oxidation-reduction reaction 
(based on donation and acceptance of electrons) between the reduction product (i.e,. the low work function metal) 

35 and an electron-accepting organic compound appearing near the reduction product, thereby making the electron- 

accepting compound in the state of radical anions; and 

(2) a hole transportation section in which (a) an organic compound having an ionization potential of less than 5.7 
eV and an electron-donating property, i.e., hole-transporting property, and (b) an inorganic or organic substance 
capable of forming a charge transfer complex upon an oxidation-reduction reaction (based on donation and ac- 
*o ceptance of electrons) with the organic compound are contacted through lamination or mixing, thereby making the 

electron-donating organic compound (a) in a state of radical cations. In this organic device, the use or application 
method of the hole-electron conversion layer is not restricted to a specific one. 

[0023] According to an aspect of the present invention, an organic device having a hole current-electron current 
45 conversion layer is provided , including a laminate of an electron transportation section and a hole transportation section. 
The electron transportation section includes a charge transfer complex formed upon an oxidation-reduction reaction 
between a reduced low work function metal and an electron-accepting organic compound, the reduced metal being 
produced upon an in-situ thermal reduction reaction caused upon contact, through lamination or mixing by co-deposi- 
tion, of an organic metal complex compound or an inorganic compound including at least one metal ion selected from 
50 ions of low work function metals having a work function of not more than 4.0 eV, and a thermally reducible metal capable 
of reducing a metal ion contained in the organic metal complex compound or an inorganic compound in vacuum to the 
corresponding metal state, and the electron transportation section having the electron-accepting organic compound 
in the state of radical anions. The hole transportation section includes an organic compound having an ionization 
potential of less than 5.7 eV and an electron-donating property and an inorganic or organic substance capable of 
55 forming a charge transfer complex upon its oxidation-reduction reaction with the organic compound, the organic com- 
pound and the inorganic or organic substance being contacted through lamination or mixing, and the electron-donating 
organic compound is in the state of radical cations. 

[0024] According to other aspect of the present invention, an organic device having a hole current-electron current 
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at leas, one metal ion selected from ions of low 3 -l^nT^ " an in ° rganic com P° und incl ^9 

and a thermally reducible metal capable oCucTna a mS^nl f T 9 3 ^ of not more «»n 4.0 eV 

the inorganic compound in vacuum' to T^ZZZZ ST£n"£T ? 016,31 ^ eon » ound ' 
by co-deposition, to the organic metal complex comoound Tr tL ^ ,aCt ' ,hr0ugh its lami na«on or mixing 
formed upon an oxidation-reduction reaction*! be3 redu^ ZIST,^ ^ * 
organ.c compound, the reduced metal being produced i^^SJ^hT* e,ec,ron - ac <*P«ng 
contact, and the electron-accepting organic compound is in the Z^SEZZ^?^ MUSed U P°" ■» 
includes an organic compound having an ionization polenmofZtonfr^V* transportation sec «°" 
and an morgan* or organic substance capable of forming a cha oe » anlr . T f e,ectro ^"ating property, 
react.on with the organic compound upon contact through ite temTna^n f ^ thr ° U9h "* oxida «on-^uction 
electron-donating organic compound is in the state oi SUSS m ' X ' n9 * COn « and the 

UnL;~^^ 
JJJJJM. is desirable f -he organic met, complex compound and the electron-accep,^ 

^ rrthan.oevconfa.nedintheo^r^ 



75 



30 



35 



Ar 2 



Ar, N Ar 3 



40 



45 



50 



55 



= . * for to e ,„ ai srs 

K. " " a,s,ra6te * * — o W „, romwnd te te „ Wa „ tane ^ or m ^ 
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reduction reaction with the electron-donating organic compound simultaneously includes at least one fluorine atom 
and at least one cyano group as the substituent. 

[0042] It is desirable for the organic substance capable of forming a charge transfer complex upon its oxidation- 
reduction reaction with the electron-donating organic compound to include tetrafluoro-tetracyanoquinodimethane. 
[0043] It is desirable for the organic substance capable of forming a charge transfer complex upon its oxidation- 
reduction reaction with the electron-donating organic compound to include at least one boron atom. 
[0044] It is desirable for the organic substance capable of forming a charge transfer complex upon its oxidation- 
reduction reaction with the electron-donating organic compound simultaneously to include at least one boron atom and 
at least one fluorine atom. 

[0045] It is desirable for the organic substance capable of forming a charge transfer complex upon its oxidation- 
reduction reaction with the electron-donating organic compound to include tris-p-(pentafluoronaphthyl) borane. 
[0046] An organic device can include the organic electroluminescent device. 
[0047] An organic device can include the organic solar cell. 
[0048] An organic device can includes the organic field effect transistor structure. 
[0049] An organic electroluminescent device can include the organic device. 
[0050] An organic solar cell can include the organic device. 
[0051] An organic field effect transistor structure can include the organic device. 

[0052] According to other aspect of the present invention, a process for the production of an organic device can 
include the steps of: 

providing an in-situ thermal reduction reaction by contacting, through lamination or mixing by co-deposition, an 
organic metal complex compound or an inorganic compound including at least one metal ion selected from ions 
of low work function metals having a work function of not more than 4.0 eV, and a thermally reducible metal capable 
of reducing a metal ion contained in the organic metal complex compound or the inorganic compound in vacuum 
to the corresponding metal state; 

subjecting a reduced low work function metal produced upon the in-situ thermal reduction reaction and an electron- 
accepting organic compound to an oxidation-reduction reaction to form a charge transfer complex, thereby forming 
the electron transportation section in which the electron-accepting organic compound is in the state of radical 
anions; and 

contacting, through lamination or mixing by co-deposition, an organic compound having an ionization potential of 
less than 5.7 eV and an electron-donating property and an inorganic or organic substance capable of forming a 
charge transfer complex upon its oxidation-reduction reaction with the electron-donating organic compound to 
form the hole transportation section in which the electron-donating organic compound is in the state of radical 
cations. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0053] 

Figure 1 is a cross-sectional view schematically showing the structure of the organic EL device according to Ex- 
ample 1 of the present invention; 

Figure 2 is a cross-sectional view schematically showing the operation of the organic EL device according to 
Example 1 of the present invention; 

Figure 3 is a graph showing the characteristic curve of the voltage (V) - current density (mA/cm 2 ) - luminance (cd/ 
m 2 ) with regard to the devices according to Examples 1 to 3, Comparative Example 1 and Reference Example 1 ; 
Figure 4 is a cross-sectional view schematically showing the structure of the organic EL device according to a 
Comparative Example; 

Figure 5 is a cross-sectional view schematically showing the structure of the organic EL device according to Ex- 
ample 2 of the present invention; 

Figure 6 is a cross-sectional view schematically showing the structure of the organic EL device according to Ex- 
ample 3 of the present invention; 

Figure 7 is a cross-sectional view schematically showing the structure of the organic EL device according to Ref- 
erence Example 1 ; 

Figure 8 is a graph showing the characteristic curve of the voltage (V) - current density (mA/cm 2 ) - luminance (cd/ 
m 2 ) with a variation of a thickness X (A) of the aluminum layer, with regard to the organic EL device of Example 1 
of the present invention as a standard structure; 
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present invention as a standard structure- 9 6 ° rgamc EL device of Exam P'e 1 of the 

^bV£E£££ SCh6matiCa,ly "»*" - —re of the or g anic EL device according to 

Figure 12 is a cross-sectional view Jher.^Z^Z ltT^ 5 * PreSent invention; 
parative device, which is comparable to™ omlic a T * ° r9an '' C EL device as anolher 
Figure 13 is a cross-sectional view l^SSS^S^TT^ f?™^ 5 ° f the present inventi °": 
nation of an absorbance; "^^.cally showing the structure of the test device for use in the determi- 

regard to the devices according to £ T ^ (V/cm > " cu ™* ^nsity A/cm*) with 

Figure 16 is a graph showing the rtSS^J^JT , ^ "* th6 com P ara « v e devices; 

the test device for use in the determination ™ W3 ? f " 9,h (nm > * "admittance (%) with regard to 

KV^SSKr S * 9m * a " > ■— • «" — » - - * **. ,„ 
DESCRIPTION OF THE PREFERRED EMBODIMENTS 



[First Embodiment] 
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is used as an organic metal compound containing ions of low work function metals (for example, alkaline metals) having 
a work function of not more than 4.0 eV, typically alkaline metal ions, alkaline earth metal ions, rare earth metal ions 
and some transition metal ions, in the formation of the electron transportation section (thermal reduction reaction- 
generated layer). 

5 [0055] Furthermore, an organic compound such as an aluminum complex of tris (8-quinolinolato) (hereinafter, re- 
ferred to as "Alq") represented by the following formula: 



to 



15 



20 



25 




or bathocuproine (hereinafter, referred to as M BCP W ) represented by the following formula: 

30 



35 



40 




45 is used as an organic electron-accepting (electron-transporting) compound. According to one suitable method for form- 
ing the electron transportation section according to the present invention, the above organic compounds are formed 
in due course as a mixed layer by the co-deposition method, and then an appropriate amount of aluminum, which is 
a typical example of the thermally reducible metal, is vacuum deposited onto the mixed layer. During this vacuum 
deposition process, since the aluminum metal can reduce the alkaline metal ion (for example, Li + in Liq) as a result of 

50 the in-situ thermal reduction reaction, the aluminum metal is naturally converted to its oxidized state, i.e., the aluminum 
metal is changed into an aluminum ion-containing compound. On the other hand, the Li metal produced upon said 
thermal reduction is then subjected to an oxidation-reduction reaction with the organic electron-accepting (electron- 
transporting) compound (for example, Alq) appearing near the Li metal generated there, thereby forming a charge 
transfer complex like {Li + ■ Alq-}. The oxidation-reduction reaction is based on the donation and acceptance of electrons, 

55 and is represented by the following schema. 

Li + Alq -» Li + + A!q~(radical anion state of Alq) 
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showng a high transparency and furt her showing Su,S rlS^T , T' ' S 9enera " y chara «erized by 

the pure organic compound. Accordingly the increased ^ST* Z °° MM ^ h comparison with 
due to the incorporation ofme«a.ssuch 9 a y sl:^ 

that as described above, there is no aluminum in X mete S in ?£?h * J** H ° WGVer ' " shou,d be <"*« 
and ,n fact there is only aluminum in the state of Is (oTioSed Ze) Th Zf redUC,i ° n reaction ^ a <ed layer, 

on this mechanism, accordingly. Further the imorovempnt ^ f2 l . 9 " ,rans P aren cy can be obtained based 

descnbed radica. anion molecule " b — °" th * of the above^ 

of aiuminum is used, a metai LSi^X^,^?^ 

converted to the oxidized state, can remain. Since the ^ema 1 ml^ J redUCt '° n reaction ' ie " not be 
deposited layer, it becomes impossible to expend effeTs Sht™™ ^ ** trans P a ™cy of the 
Exam P'« 4. p aes,red effects - Th 's Phenomenon will be explained in the appended 



[Second Embodiment] 



funcfon metals (for exampie. alkaline metals), an oSc ''° nS ° f ,ow work 
and a thermally reducible metal such as aluminum can be us2 ^! f P 7 ( - trans P° rtin °) compound such as Alq 
thermal reduction reaction-generated layerTCse three Smooundl ^ ** ,rans P° rta «°n section 

(ternary co-deposition) to form the election transporta ton TcZ T ^ f ,mul,aneous| y deposited and mixed 
embodiment. In this co-deposition process, ^ depS of * «° those of the ■« 

controlled, it becomes possible in the organic dJiTSS,?Ll? T^ 0 ""* 5 iS SUitab ' y and precise| y 
res.stivity comparable to that of the electron tr^ato i a^S 9 " h ' 9h lrans P are "<* and a good (low) 
dosed by the inventor of this application in Jap^ese S' «n ZZ^r , B !° 0 ' porated ther6in 3 reducin 9 d ^n dis- 
(cf. Examples). Of course, since substantival La ' d "° Pen N ° S 1 °- 270171 and 2001-102175 

which will take fire in an a^osphere he ^ ,yPiCa " y ^ me,a ' S ' haVe a ^ ^ 

[Third Embodiment] 

sSsaroSr;:^ 

to as "Eu(DBM )3 • BPEHEN") represented by th^ 'SSSSSSc ^P^anthrotine) (hereinafter, referred 
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in which one of the ligands is a compound which shows the electron-accepting (-transporting) property by itself, for 
25 example, bathophenanthroline) (hereinafter, referred to as "BPEHEN") represented by the following formula: 



30 



35 




can be used in the formation of the electron transportation section (thermal reduction reaction-generated layer). The 
compound Eu(DBM)3 • BPEHEN and a thermally reducible metal such as aluminum can be simultaneously deposited 
and mixed (binary co-deposition) to form the electron transportation section having the functions similar to those of the 

45 first and second embodiments. In this co-deposition process, when a deposition rate of the two compounds is suitably 
and precisely controlled, it becomes possible for the organic device to obtain a layer having a high transparency and 
a good (low) resistivity comparable to that of the electron transportation layer having incorporated therein a reducing 
dopant disclosed by the inventors of this application in Japanese Patetn Application Laid-open Nos. 10-270171 and 
2001-102175. The functions are based on the formation of BPEHEN- (radical anions) along with oxidation of Eu (i.e., 

50 the formation of Eu + or Eu 2+ or Eu 3+ ; Eu cation). 

[Fourth Embodiment] 

[0060] In the fourth embodiment of the present invention, an organic compound containing alkaline metal ions and 
55 simultaneously exhibiting an electron-accepting (-transporting) property by itself, for example, Liq described above, 
can be used in the formation of the electron transportation section (thermal reduction reaction-generated layer). A 
suitable ratio of the compound Liq and a thermally reducible metal such as aluminum can be simultaneously deposited 
and mixed (binary co-deposition) to form the electron transportation section having the functions similar to those of the 
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reduct,on reaction as follows: " 3 Charge transfer complex {Li+ ■ Liq-} through the oxidaS 



Li + Liq -> Li + + Liq-(radical anion state of Liq). 



JO 



15 



20 



SSSTT* '" " ™ diCa ' Cata Ste,s mD °^' M ** el « M ~'-*>™«"g organ" 

■frirmlr attached 1o the "apof deposition apparalusTn Hat -^^^^ a P u artz oscillator "CRTM- 
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a light emission layer 13. 

[0066] Thereafter, the above-described Alq and Liq (low work function metal ion-containing compound) in a molar 
ratio of 1:1 were co-deposited at a thickness of about 50 A to form a layer 14. Subsequently, aluminum as a thermally 
reducible metal was deposited at an amount necessary to obtain a layer thickness of about 15 A to form a layer 15. 
5 Thereafter, cc-NPD and vanadium pentoxide (V 2 O s ) in a molar ratio of 1 :1 were deposited at a thickness of about 100 
A to form a layer 1 6 (hole transportation section). Finally, aluminum was deposited at a thickness of about 1 ,000 A to 
form a cathode electrode 17. 

[0067] The structure of the resulting organic EL device 210 is simply represented as follows: ITO / aNPD (600A) / 
Alq (600A) / Alq: Liq (1:1) (50A) / Al (15A) / V 2 0 5 :a-NPD (1:1) (100A) / Al (Figurel). Note that this simplified notation 

10 .system wilLbe.applied-tO-the-explanation.oUhe.devices.described hereinafter. ... _.. .. . 

[0068] In the organic EL device 21 0, a DC voltage was applied to between ITO as the anode electrode and Al as the 
cathode electrode to obtain Figure 3 showing the measured results of the characteristics. Referring to Figure 3, the 
symbols (O) represent a characteristic curve of voltage (V) - current density (mA/cm 2 ) - luminance (cd/m 2 ) of the 
resulting device. Moreover, as illustrated in Figure 2 schematically showing the operation of the resulting device, the 

15 layers 14 and 15 can act as an electron transportation section (thermal reduction reaction-generated layer) 18, and 
the layers 16 and 18 can act as a hole current-electron current conversion layer 19. 

Comparative Example 1 

20 [0069] The procedure of Example 1 was repeated with the proviso that for the purpose of comparison, a thermal 
reduction reaction-generated layer 1 8 acting as the electron transportation section of the present invention was omitted 
from the device of Example 1, i.e., Liq of the layer 14 in Example 1 was replaced with the metal Li in the layer 104 as 
illustrated in Figure 4. The structure of the resulting organic EL device 300 is represented as follows: 
ITO/ aNPD(600 A )/Alq(600 A )/Alq:Li(1:1)(50 A )/ V 2 0 5 : a - NPD(1:1)(100A)/AI (Figure 4). 

25 [0070] The results measured on the characteristics of the device 300 are plotted with the symbols (•) in Figure 3. 

Example 2 

[0071] The procedure of Example 1 was repeated with the proviso that Liq of the layer 14 in Example 1 was replaced 
30 with a rubidium complex of mono (2,2,6,6-tetramethyl-3,5-heptanedionato)(hereinafter referred as Rb(dpm)) repre- 
sented by the following formula: 



C (CH 3 ) 3 



40 




C (CH 3 ) 3 

45 

in the layer 24 to form an organic EL device 220 having the structure: ITO/ <xNPD(600 A)/Alq(600 A)/Alq:Rb(dpm) (1 : 
1) (50 A)/AI(15A)/ V 2 O s : <x-NPD(1:1)(100A)/AI (Figure 5). The results measured on the characteristics of the device 
220 are plotted with the symbols (T) in Figure 3. 

50 Example 3 

[0072] The procedure of Example 1 was repeated with the proviso that Liq of the layer 14 in Example 1 was replaced 
with an inorganic alkaline metal compound: lithium fluoride (LiF) in the layer 34 to form an organic EL device 230 having 
the structure: ITO/aNPD(600A )/Alq(600 A )/LiF(10A )/AI(15A )/V 2 0 5 : cc-NPD(1:1)(1 00 A )/AI (Figure 6). As illustrated 
55 Figure 6, in the organic EL device 230, the electron-accepting compound Alq (layer 1 3) and the alkaline metal compound 
LiF (layer 34) contact via lamination, not via mixing (i.e., co-deposition). The results measured from the characteristics 
of the organic EL device 230 are plotted using the symbols (A) in Figure 3. 
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Reference Example 1 (Example of Conventional Organic EL Device) 

organic EL device 3?0 l»»l„ g °ta ctc.ure ' ^ * A " ,:L " 1: " ,he ^' '« '° an 

II?,'.? "f 0 ' 600 *) ' Al 1 <»<»*> ' Alq:Li (1:1|(50A) ; Al (Figure 7) 
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and was replaced with a layer 54 produced by directly mixing Li as an alkaline metal and an electron-accepting organic 
compound (Alq). The structure of the resulting test device 251 had the structure: glass / Al / Alq:Li (1:1; molar ratio) 
/Al (Figure 11). 

[0084] The above procedure was repeated with the proviso that, as is illustrated in Figure 1 2, the layer 52 was omitted 
5 and was replaced with a sole layer 55 consisting of Alq. The structure of the resulting test device 252 has the structure: 
glass I Ml Alq /Al (Figure 12). 

[0085] The results plotted in Figure 15 shows the characteristic curve of the electric field (V/cm) - current density (A/ 
cm 2 ) measured on each of the test device of 250 and the comparative organic EL devices 251 and 252. 
[0086] As is shown in the graph of Figure 1 5, it is appreciated that the test device having the structure: glass / Al / 
.J0l Liq:Alq:AI / Al (Figure 10) and the test device having the structure: glass / Al / Alq:Li (1:1; molar ratio) / Al (Figure 11 )_ 
both have the substantially same characteristics and show a resistivity of ~10 9 CI cm. These results mean that Li ions 
in the Liq were subjected to the thermal reduction reaction through Al deposition to the Li metal, and the Li metal 
produced upon the thermal reduction reaction was subjected to the donating and accepting of electrons via the electron- 
accepting organic -compound (Alq), i.e., oxidation-reduction reaction to form a charge transfer complex (Li + + Alq-, 
15 (radical anions of Alq)). 

[0087] To produce a test device for use in the determination of an absorbance, as is illustrated in Figure 13, a quartz 
substrate 56 was co-deposited with Liq, Alq and Al at a ratio of the deposition rate of Liq : Alq : A!=1 A / s(Liq):3A / s 
(Alq):0.3A / s(AI) to form a layer 52. The resulting test device 255 had the structure: quartz substrate / Liq:Alq:AI (Figure 
13). To produce a comparative test device, the above procedure was repeated with the proviso that, as illustrated in 

20 Figure 14, a quartz substrate 56 was co-deposited with Liq and Alq without mixing the thermally reducible metal (Al) 
to form a layer 57. The resulting comparative test device 256 had the structure: quartz substrate/Liq:Alq (Figure 14). 
[0088] The results plotted in Figure 16 shows the characteristic curve of the wavelength (nm) - transmittance (%) 
measured on each of the test device 255 having the Liq:Alq:AI layer 52 at 1,000 A and the comparative test device 
256 having the Liq:Alq layer 57 at 1 ,000A. As shown in the graph of Figure 16, it was appreciated that, under the same 

25 layer thickness of 1 ,000 A , the mixed layer 52 consisting of Liq:Alq:AI which is the electron transportation section of 
the present invention can exhibit a remarkably increased transmittance in comparison with the layer 57 consisting only 
of the organic compounds (Liq:Alq). Furthermore, it is noted here that the inventor of this application has reported a 
variation of the absorption spectrum observed in the lithium metal-doped layer in the above-cited article, Appl. Phys. 
Lett., Vol. 73, p.2866 (1998). Comparing the observation in this article with the results of Figure 17, a change of the 

30 absorption spectrum of the test device according to the present invention having the structure: quartz substrate / Liq: 
Alq:AI (Figure 13) from that of the comparative test device having the structure: quartz substrate / Liq:Alq (Figure 14) 
are very similar to the change of the absorption spectrum reported in the above article. Moreover, it was appreciated 
that the test device of the present case, though containing a metal aluminum added during the formation of the layer 
52, shows an improved transparency. Accordingly, in the present invention, a charge transfer complex is formed along 

35 with the above-described thermal reduction reaction and the subsequent oxidation-reduction reaction. 

Example 6 

[0089] This example describes the application of the organic device of the present invention to a formation of an 
40 anti-reflection layer. 

[0090] Copper phthalocyanine (hereinafter referred to as "CuPc") represented by the following formula: 
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Example 7 

[0095] Example 7 describes the application of an organic device of the present invention to a formation of a damage 
reduction layer during a layer formation process with high energy particles. 

[0096] It is known in the field of organic EL devices that the high energy particle deposition method such as electron 
beam deposition or sputtering deposition can be used in the formation of cathodes. Further, the inventor has disclosed 
in Japanese Patetn Application Laid-open No. 2002-332567 (Japanese Patent Appln. No. 2001 -1426729) that electrons 
can be easily injected from a cathode of organic EL device, even when using the (TO having a high work function as 
an electron injection cathode, if the above-described metal doping layer is used as an electron injection layer (contacting 
the cathode). The sputtering apparatus used in the method of JPP729 had an idea for preventing damaging in the 
organic layers during sputtering, however, some damages were still observed in the organic layers. 
[0097] Furthermore, Japanese Patetn Application Laid-open Nos. 2000-58265 and 2000-68063 teach an idea for 
forming a layer of copper phthalocyanine (CuPc) as a buffer layer for sputtering process over the light emission layer. 
In these JPPs, it is disclosed that when the alkaline metal such as Li is deposited over the thinly formed CuPc layer, 
the Li metal is diffused into the CuPc layer to across in the direction of the light emission layer, and in such a case, as 
a result, CuPc can act as an electron-transporting molecules (not acting as a hole-transporting molecules). 
[0098] However, since CuPc is essentially a hole-transporting molecule in nature, there arises a problem with ac- 
celerated deterioration of the organic device when CuPc is used in the formation of the electron transportation layer 
as is suggested above. 

[0099] On the other hand, if the hole current-electron current conversion layer of the present invention is used in the 
formation of the organic device, CuPc used as a buffer layer during the high energy particle deposition such as sputtering 
can act as a hole transportation layer as it always has been in the past, i.e., CuPc can exhibit its original property. For 
example, as illustrated in Figure 19, a glass substrate 70 can be deposited with an ITO layer 71, an ctNPD layer 72, a 
Alq layer 73, a layer 74 of Alq:Liq (1 :1 ), a layer 75 of Al, a layer 76 of V 2 0 5 :CuPc, a layer 77 of CuPc and a cathode 
78 consisting of Al, ITO or other material in that order to form an organic EL device 270 having the structure: 
ITO / aNPD / Alq / Alq:Liq(1:1 ),50A/ AI.15A/ V 2 0 5 :CuPc / CuPc / cathode (Al, ITO etc (Figure 19). 
[0100] Alternatively, as illustrated in Figure 20, the CuPc layer 77 of the organic device of Figure 19 may be replaced 
with a combination of the CuPc layer 77 and the overlying V 2 0 5 :CuPc layer 79 to form an organic EL device 271 having 
the structure: ITO / aNPD / Alq / Alq:Liq (1:1),50 A / AI,15A/ V 2 O s :CuPc / CuPc / V 2 0 5 :CuPc / cathode(AI, ITO etc 
(Figure 20). 

[0101] In the resulting organic EL devices 270 and 271, the original function as a hole transportation layer and the 
function as a damage reduction layer to prevent damage due to the high energy particles can be simultaneously ac- 
complished. 

Example 8 

[0102] Example 8 describes an application of an organic device of the present invention to a formation of organic 
solar cells. 

[01 03] The organic solar cells have the structure similar to that of the organic EL devices, and particularly, as is well- 
known, the organic solar cells of the two layer type can generate charges in an interface between the hole-transporting 
molecules and the electron-transporting molecules upon incidence of lights. 

[0104] For example, typical examples of the organic solar ceils are described in the following references: 

1) Appl. Phys. Lett., 48, 183(1986) 

2) Chemistry Letters, pp.327-330(1990) 

3) Appl. Phys. Lett., 76, 2650(2000) 

4) Appl. Phys. Lett., 79, 126(2001) 

5) Appl. Phys. Lett., 80, 1667(2002) 

[0105] In particular, references 2 and 5 describe the cell structure in which a plurality (two or more) of a section 
(charge generation unit) that used to be sandwiched between the both electrodes in the conventional organic solar 
cells is connected in series. For example, Reference 5 describes the solar cell having the structure: ITO / CuPc / PTCBI 
/ Ag / CuPc / PTCBI / Ag using silver (Ag) at a remarkably reduced thickness of 5 A in which two charge generation 
units (CuPc/PTCBI) are connected in series. 

[0106] The hole current-electron current conversion layer of the present invention can be used in place of the re- 
markably thinned Ag layer in the above-described solar cell. Namely, according to the present invention, there is pro- 
vided an organic solar cell having the structure: ITO/CuPc/PTCBI/co-deposited layer of PTCBI: Rb(DPM):AI/co-depos- 
ited layer of V 2 0 5 :CuPc/CuPc/PTCBI/Ag. The resulting layer has a high transparency, and can exhibit a lower resistivity 
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Example 9 
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structure which could not be achieved in the prior art organic EL transistor structures, by the application of the hole 
current-electron current conversion layer of the present invention. For example, as illustrated in Figure 22, a hole 
transportation layer 97 can be disposed as a layer contacting the cathode 95. In the illustrated device structure, a hole 
transportation section 98 consisting of, for example, V 2 0 5 (electron-accepting compound) and NPB (electron-donating 
organic compound) can be produced between the cathode 95 and the hole transportation layer 97, and a hole trans- 
portation section 99 and an electron transportation section 100 which constitute the hole current-electron current con- 
version layer 120 of the present invention can be produced between the light emission layer 94 and the hole transpor- 
tation layer 97. In the organic EL transistor 290 of the illustrated structure, slit-like gate electrodes 96 are embedded 
in the section of the hole transportation layer 97 to obtain the transistor characteristics without modifying the structure 
of the prior art organic EL device section. 

~[0fl4]~~ Alternatively, for example, an electron transportation layer 1 21 can be disposed as a layer contacting an anode 
91 , as illustrated in Figure 23. In the illustrated organic device structure, an electron transportation section 122 can be 
produced between the anode 91 and the electron transportation layer 121, and a hole transportation section 99 and 
an electron transportation section 100 which constitute the hole current-electron current conversion layer 120 of the 
present invention can be produced between the electron transportation layer 121 and the hole transportation layer 93. 
Furthermore, an electron injection layer 123 is generated between the transparent cathode 95 and the light emission 
layer 94. In the organic EL transistor 291 of the illustrated structure, slit-like gate electrodes 96 are embedded in the 
electron transportation layer 121 to obtain the transistor characteristics without modifying the structure of the prior art 
organic EL device section. Of course, it is also possible to dispose a hole transportation layer as a layer contacting the 
cathode, dispose an electron transportation layer as a layer contacting the anode, and embed a gate electrode in both 
of the hole transportation layer and the electron transportation layer, thereby enabling to obtain characteristics which 
could not be achieved in prior art organic devices. 

[0115] According to the present invention, the drawbacks of conventional organic devices can be overcome by using 
a hole current-electron current conversion layer (hole-electron conversion layer), which is formed by sequentially stack- 
ing two layers, one layer acting as an electron transportation section and the other layer acting as a hole transportation 
layer, in a wide variety of the organic devices as a result of universalization of the hole-electron conversion layer and 
its specific advantages, for example, by not only applying the hole-electron conversion layer to a charge generation 
layer of the organic MPE EL devices, but also using the hole-electron conversion layer as a connection layer in the 
conventional organic solar cells for the purpose of connection in series of two or more cells, and using the hole-electron 
conversion layer as a buffer layer during the process of electrodes formation in the generally used organic devices. 
[01 16] The organic devices of the present invention can exhibit a good transparency, because the thermal reduction 
reaction-generated layer (electron transportation section) used therein does not contain aluminum as a metal atom, i. 
e., aluminum is contained in the state of metal ions (oxidation state). 

[01 17] Furthermore, the organic devices of the present invention can provide an advantage in the production process, 
because careful handling of the reducing dopants is not necessary during the production of the organic devices. Note 
that substantially all of the reducing dopants conventionally used in the art, typically alkaline metals, are highly reactive 
and are easily ignited in atmospheric air. 

[01 18] Furthermore, according to the present invention, it becomes possible in the organic devices to include a layer 
having a high transparency and a good (low) resistivity comparable to that of the electron transportation layer having 
incorporated therein a reducing dopant disclosed by the inventors of this application in Japanese Patetn Application 
Laid-open Nos. 10-270171 and 2001-102175. 

[01 19] In the thermal reduction reaction-generated layer (electron transportation sections), since thermally reducible 
metals such as aluminum and magnesium, etc., do not already exist as metal atoms, but rather exist in an ion state 
(oxidized state), incorporation of these metals can facilitate transparency of said layer. 

[0120] Obvious changes may be made in the specific embodiments of the present invention described herein, such 
modifications being within the spirit and scope of the invention claimed. It is indicated that all matter contained herein 
is illustrative and does not limit the scope of the present invention. 



Claims 

1. An organic device having a hole current-electron current conversion layer which comprises a laminate of an electron 
transportation section and a hole transportation section, 

said electron transportation section including a charge transfer complex formed upon an oxidation-reduction 
reaction between a reduced low work function metal and an electron-accepting organic compound, said reduced 
metal being produced upon an in-situ thermal reduction reaction caused upon contact, through lamination or mixing 
by co-deposition, of an organic metal complex compound or an inorganic compound containing at least one metal 
ion selected from ions of low work function metals having a work function of not more than 4.0 eV, and a thermally 
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9. An organic device according to claim 1 , wherein said electron-donating organic compound is a pigment type organic 
compound. 

1 0. An organic device according to claim 9, wherein said electron-donating organic compound is a porphyrin compound 
or a derivative thereof. 

11. An organic device according to claim 9, wherein said electron-donating organic compound is a quinacridone com- 
pound or a derivative thereof. 

12. An organic device according to claim 9, wherein said electron-donating organic compound is an indanthrene com- 
pound or a derivative thereof. 

13. An organic device according to claim 8, wherein said electron-donating organic compound is an arylamine com- 
pound having a glass transition temperature of not lower than 90°C. 

14. An organic device according to claim 1, wherein said inorganic substance capable of forming a charge transfer 
complex upon its oxidation-reduction reaction with said electron-donating organic compound is metal oxide. 

15. An organic device according to claim 1, wherein said inorganic substance capable of forming a charge transfer 
complex upon its oxidation-reduction reaction with said electron-donating organic compound is metal halide. 

16. An organic device according to claim 14, wherein said metal oxide is vanadium pentoxide or dirhenium heptoxide 
or molybdenum trioxide or tungsten trioxide. 

17. An organic device according to claim 1, wherein said organic substance capable of forming a charge transfer 
complex upon its oxidation-reduction reaction with said electron-donating organic compound contains at least one 
fluorine atom as a substituent. 

18. An organic device according to claim 1, wherein said organic substance capable of forming a charge transfer 
complex upon its oxidation-reduction reaction with said electron-donating organic compound contains at least one 
cyano group as a substituent. 

19. An organic device according to claim 17 or 18, 

wherein said organic substance capable of forming a charge transfer complex upon its oxidation-reduction reaction 
with said electron-donating organic compound simultaneously contains at least one fluorine atom and at least one 
cyano group as the substituent. 

20. An organic device according to claim 19, wherein said organic substance capable of forming a charge transfer 
complex upon its oxidation-reduction reaction with said electron-donating organic compound includes tetrafluoro- 
tetracyanoq uinod imeth ane . 

21. An organic device according to claim 1, wherein said organic substance capable of forming a charge transfer 
complex upon its oxidation-reduction reaction with said electron-donating organic compound contains at least one 
boron atom. 

22. An organic device according to claim 1, wherein said organic substance capable of forming a charge transfer 
complex upon its oxidation-reduction reaction with said electron-donating organic compound simultaneously con- 
tains at least one boron atom and at least one fluorine atom. 

23. An organic device according to claim 22, wherein said organic substance capable of forming a charge transfer 
complex upon its oxidation-reduction reaction with said electron-donating organic compound includes tris-_-(pen- 
tafluoronaphthyl)borane. 

24. An organic device according to claim 1, further including an organic electroluminescent device. 

25. An organic device according to claim 1 , further including an organic solar cell. 

26. An organic device according to claim 1 , further including an organic field effect transistor structure. 
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27. An organic e.ectrCuminescent device comprising an organic device according to claim 1 . 

28. An organic so.ar cell comprising an organic device according ,o claim 1 . 

29. An organic field effect transistor structure comprising an organic device according to Cairn 1 . 

30. A process for the production of an organic device comprising the steps of. 

a7o v :s~ 

from ions of low workfunction metals having T° * ' e3St 0ne me,al io " ^e.ected 
mew ca P ab.e of reducing a meta. ionSa^ 

compound in vacuum to the corresponding metal state P COmpound or the ™W™ 

22SX»^^ T u thermal —» - - 

thereby forming the electron transported selSn in'whi^ * ,0m 8 Charge transfer «»<*«. 

the state of radical anions; and Wh,Ch e,ect ™-accepting organic compound is in 

a charge transfer complex upon its oxkla3S^^^^^ nteMb8toM ^ ato<rf, ^n9 
to form the hole transport^ sectio 

radical cations. 6 electron -d°natmg organic compound is in the state of 
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